Attorney Docket No. 13569.18US01 



A CARDIAC RESYNCHRONIZATION SYSTEM EMPLOYING MECHANICAL 
MEASUREMENT OF CARDIAC WALLS 

Technical Field 

The present invention is directed to cardiac ^synchronization (CRT) systems. 
More specifically, the present invention is directed to CRT systems that employ 
mechanical measurements of cardiac wall motion when synchronizing ventricular 
contraction. 

Background 

The heart is a muscular organ comprising multiple chambers that operate in 
concert to circulate blood throughout the body's circulatory system. As shown in FIG. 1, 
the heart 100 includes a right-side portion or pump 102 and a left-side portion or pump 
104. The right-side portion 102 includes a right atrium 106 and a right ventricle 108. 
Similarly, the left-side portion 104 includes a left atrium 1 10 and a left ventricle 1 12. 
Oxygen-depleted blood returning to the heart 100 from the body collects in the right 
atrium 106. When the right atrium 106 fills, the oxygen-depleted blood passes into the 
right ventricle 108 where it can be pumped to the lungs (not shown) via the pulmonary 
arteries 117. Within the lungs, waste products (e.g., carbon dioxide) are removed from 
the blood and expelled from the body and oxygen is transferred to the blood. Oxygen- 
rich blood returning to the heart 100 from the lungs via the pulmonary veins (not shown) 
collects in the left atrium 110. The circuit between the right-side portion 102, the lungs, 
and the left atrium 1 10 is generally referred to as the pulmonary circulation. After the 
left atrium 110 fills, the oxygen-rich blood passes into the left ventricle 1 12 where it can 
be pumped throughout the entire body. In so doing, the heart 100 is able to supply 
oxygen to the body and facilitate the removal of waste products from the body. 

To circulate blood throughout the body's circulatory system as described above, a 
beating heart performs a cardiac cycle that includes a systolic phase and a diastolic phase. 
During the systolic phase (e.g., systole), the ventricular muscle cells of the right and left 
ventricles 108, 112 contract to pump blood through the pulmonary circulation and 
throughout the body, respectively. Conversely, during the diastolic phase (e.g., diastole), 
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the ventricular muscle cells of the right and left ventricles 108, 1 12 relax, during which 
the right and left atriums 106, 1 10 contract to force blood into the right and left ventricles 
108, 1 12, respectively. Typically, the cardiac cycle occurs at a frequency between 60 and 
100 cycles per minute and can vary depending on physical exertion and/or emotional 
stimuli, such as, pain or anger. 

The contractions of the muscular walls of each chamber of the heart 100 are 
controlled by a complex conduction system that propagates electrical signals to the heart 
muscle tissue to effectuate the atrial and ventricular contractions necessary to circulate 
the blood. As shown in FIG. 2, the complex conduction system includes an atrial node 
120 (e.g., the sinoatrial node) and a ventricular node 122 (e.g., the atrioventricular node). 
The sinoatrial node 120 initiates an electrical impulse that spreads through the muscle 
tissues of the right and left atriums 106, 1 10 and the atrioventricular node 122. As a 
result, the right and left atriums 106, 1 10 contract to pump blood into the right and left 
ventricles 108, 112 as discussed above. 

At the atrioventricular node 122, the electrical signal is momentarily delayed 
before propagating through the right and left ventricles 108, 1 12. Within the right and 
left ventricles 108, 1 12, the conduction system includes right and left bundle branches 
126, 128 that extend from the atrioventricular node 122 via the Bundle of His 124. The 
electrical impulse spreads through the muscle tissues of the right and left ventricles 108, 
1 12 via the right and left bundle branches 126, 128, respectively. As a result, the right 
and left ventricles 108 > 1 12 contract to pump blood throughout the body as discussed 
above. 

Normally, the muscular walls of each chamber of the heart 1 00 contract 
synchronously in a precise sequence to efficiently circulate the blood as described above. 
In particular, both the right and left atriums 106, 110 contract (e.g., atrial contractions) 
and relax synchronously. Shortly after the atrial contractions, both the right and left 
ventricles 108, 1 12 contract (e.g., ventricular contractions) and relax synchronously. 
Several disorders or arrhythmias of the heart can prevent the heart from operating 
normally, such as, blockage of the conduction system, heart disease (e.g., coronary artery 
disease), abnormal heart valve function, or heart failure. 
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Blockage in the conduction system can cause a slight or severe delay in the 
electrical impulses propagating through the atrioventricular node 122, causing inadequate 
ventricular relaxation and filling. In situations where the blockage is in the ventricles 
(e.g., the right and left bundle branches 126, 128), the right and/or left ventricles 108, 1 12 
5 can only be excited through slow muscle tissue conduction. As a result, the muscular 
walls of the affected ventricle (108 and/or 1 12) do not contract synchronously (e.g., 
asynchronous contraction), thereby, reducing the overall effectiveness of the heart 100 to 
pump oxygen-rich blood throughout the body. 

Various medical procedures have been developed to address these and other heart 
1 0 disorders. In particular, cardiac ^synchronization therapy ("CRT") can be used to 

improve the conduction pattern and sequence of the heart 100. CRT involves the use of 
y, an artificial electrical stimulator that is surgically implanted within the patient's body, 
y Leads from the stimulator can be affixed at a desired location within the heart 1 00 to 
Q effectuate synchronous atrial and/or ventricular contractions. Typically, the location of 

Q 1 5 the leads (e.g., stimulation site) is selected based upon the severity and/or location of the 
*j blockage. Electrical stimulation signals can be delivered to resynchronize the heart, 
a thereby, improving cardiac performance. 

! j 

II j In conventional CRT systems, establishing synchronization of ventricular walls 

O involves measuring intrinsic electrical signals traveling through the ventricles and then 

y i 

O 20 applying an educated guess to time application of stimulation signals that are intended to 
provide the resynchronization. The educated guess employed by the CRT device is 
generally based upon empirical data of heart failure patients' responses to application of 
electrical signals with varying timing, amplitude, and/or location. However, the success 
of the stimulation signals in terms of the mechanical response of the ventricles can only 

25 be known with certainty by directly measuring the mechanical response occurring due to 
application of the stimulation signal. 

Observing the mechanical response is useful when optimizing CRT because there 
may be no known correlation between the electrical activity and mechanical response of a 
particular patient's heart. Improving the heart's mechanical response is ultimately the 

30 goal of CRT, and therefore controlling the mechanical response by measuring only 

electrical activity is not ideal. An additional drawback to conventional CRT methods of 
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optimization includes a requirement that the CRT stimulation be turned off so that the 
implanted electrodes can sense rather than stimulate. This causes the measured electrical 
activity used to optimize the CRT device to be even further removed from the heart's 
mechanical response to stimulation from CRT. 
5 Direct mechanical measurements of ventricular wall synchronization allow the 

mechanical effects of manipulating the electrical activity to be observed. Direct 
mechanical measurements can be performed by ultrasound techniques or other similarly 
cumbersome and time-consuming methods that are available only when the patient is 
visiting a health care provider. These relatively infrequent follow-up visits are 

1 0 inadequate for constantly optimizing the CRT therapy because the mechanical response 
of the heart may change as the patient's physical condition changes over time. Thus, the 
patient's CRT device may become inefficient during the time between visits. 
Additionally, these direct mechanical measurements are performed by systems distinct 
from the patient's CRT device and do not automatically optimize CRT based on the 

1 5 mechanical response but require intervention by a physician. 

Therefore, there is a need for CRT methods and devices that can constantly and/or 
automatically optimize CRT for a patient based on mechanical response of the patient's 
ventricles. 



20 Summary 

Embodiments of the present invention establish synchronization of ventricular 
wall contraction by employing direct mechanical measurement. The direct mechanical 
measurement of various wall locations can be compared to determine the degree of 
synchronization. The direct mechanical measurement may also be used on a beat-by-beat 

25 basis to determine whether to alter the parameters of the stimulation pulse(s) to maintain 
synchronization of the ventricular wall contraction. 

The present invention may be viewed as a method of synchronizing a contraction 
of ventricular wall locations. The method involves sensing motion with a first 
accelerometer located at a first ventricular wall location to produce a first signal and 

30 sensing motion with a second accelerometer located at a second ventricular wall location 
to produce a second signal. The method also involves comparing the first signal to the 
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second signal to detect a difference in synchronization of the first ventricular wall 
contraction and the second ventricular wall contraction. 

The present invention may also be viewed as a device for synchronizing a 
contraction of ventricular wall locations. The device includes a first accelerometer 
located at a first ventricular wall location and a second accelerometer located at a second 
ventricular wall location. The device also includes a processing module configured to 
compare a first signal produced by motion of the first accelerometer to a second signal 
produced by motion of the second accelerometer to detect a difference in synchronization 
of the first ventricular wall location contraction and the second ventricular wall location 
contraction. 

The present invention may be viewed as another device for synchronizing a 
contraction of ventricular wall locations. The device includes a first motion sensing 
means located at a first ventricular wall location for producing a first signal in response to 
contraction of the first ventricular wall location. The device also includes a second 
motion sensing means located at a second ventricular wall location for producing a 
second signal in response to contraction of the second ventricular wall location. 
Additionally, the device includes a processing means for comparing the first signal to the 
second signal to detect a difference in synchronization of the first ventricular wall 
location contraction and the second ventricular wall location contraction. 



Description of the Drawings 

FIG. 1 is a simplified illustration depicting the primary pumping components of a 
human heart. 

FIG. 2 is a simplified illustration depicting a human heart and the transmission 
paths over which a normal heart provides depolarization waves to the heart chambers. 

FIG. 3 is a block diagram depicting the primary components of a CRT device that 
is an exemplary embodiment of the present invention. 

FIG. 4 is a flowchart depicting exemplary logical operations for detecting a 
difference between contractions at different ventricular wall locations. 
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FIG. 5 is graph of a possible mechanical response of two ventricular wall 
locations with respect to time showing a difference in phase and amplitude as detected by 
the CRT device. 

FIG. 6 is a flowchart depicting exemplary logical operations for optimizing the 
stimulation provided to a ventricular wall location. 

Detailed Description 

Various embodiments of the present invention will be described in detail with 
reference to the drawings, wherein like reference numerals represent like parts and 
assemblies throughout the several views. Reference to various embodiments does not 
limit the scope of the present invention, which is limited only by the scope of the claims 
attached hereto. 

Embodiments of the present invention provide CRT optimization through analysis 
of signals produced directly by motion of the ventricular walls. Accelerometers can be 
placed within electrode leads routed to the various ventricular wall locations and can 
enable continuous and automatic optimization of the CRT device based on the direct 
mechanical measurement from the accelerometer for each cardiac cycle. 

A CRT device 199 in accordance with one embodiment of the present invention is 
shown in FIG. 3. The CRT device 199 includes a processing module 198, which may 
include several sub-modules and memory 184 for implementing CRT and treating 
additional arrhythmia conditions such as bradycardia. Additionally, an output control 
module 180 is included to provide stimulation pulses to electrodes implanted on or within 
the heart 100 at appropriate times according to the optimized CRT. Accelerometer 
amplifier 176 is included to amplify the signals received from the accelerometers 
positioned at the various ventricular wall locations to improve the signal to noise ratio 
and provide a signal level and shape acceptable for processing by processing module 198. 
Sensing electrode amplifier 178 is included to amplify the electrical signals sensed by 
electrodes also positioned at the various ventricular wall locations as well as other 
locations including atrial positions. 

The CRT device 199 is connected to an atrial electrode 138 through implantable 
lead 155 and to ventricular electrodes and accelerometers through implantable leads 152, 
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154, and 156. The atrial lead 155 passes into the right atrium 106 and is linked to the 
sensing amp 178 through conductor pair 163 and to an output module 180 through 
conductor pair 165. The atrial lead 155 is generally placed in proximity to the sino-atrial 
node 120 for proper sensing of intrinsic electrical activity and/or atrial pacing should 
additional arrhythmias exist within the heart 100. 

The left ventricle lead 154 passes into a coronary sinus vein branch spanning the 
free wall location of the left ventricle 1 12. The left ventricle lead 154 carries an electrode 
conductor pair 164/174 discussed below and an accelerometer conductor pair 162. 
Likewise, an anterior lead 152 passes into the right ventricle 108 from the right atrium 
106 through the tricuspid valve and attaches to the anterior wall comprising the septum 
109 separating the right ventricle 108 and left ventricle 112. The anterior lead 152 may 
carry an electrode conductor pair 168/172 discussed below and an accelerometer 
conductor pair 160. Alternatively, the anterior lead 152 may be positioned in the anterior 
branch of the coronary sinus vein and extended to the septum area 109. Additionally, a 
right ventricle lead 156 may be included and passes through the coronary sinus vein 
branch that spans the free wall of the right ventricle 108. The right ventricle lead 156 
may also contain an electrode conductor pair 166/170 discussed below and an 
accelerometer conductor pair 158. 

One or more electrodes 140 may be located near a distal end of the left ventricle 
lead 154 and are electrically connected to the electrode conductor pair 164/174 of lead 
154. One or more accelerometers 142 may also be located near the distal end of the left 
ventricle lead 154 and are electrically connected to the accelerometer conductor pair 162 
of lead 154. The one or more electrodes 140 can be used to sense electrical activity or 
provide electrical stimulation to the free wall of the left ventricle 112. The one or more 
electrodes 140 are connected to the sensing amplifier 178 through conductor pair 164 and 
are connected to the output module 180 through conductor pair 174 wherein conductor 
pair 164 and conductor pair 174 allow the electrode 140 to be switched between pace 
mode and sense mode should intrinsic electrical activity (e.g., electrogram) at the left 
ventricle free wall need to be measured. 

One or more electrodes 144 may be located near a distal end of the anterior lead 
152 and are electrically connected to the electrode conductor pair 168/172 of lead 152. 



Confidential 



7 



Attorney Docket No. 13569.18US01 



One or more accelerometers 146 may also be located near the distal end of the anterior 
lead 152 and are electrically connected to the accelerometer conductor pair 160 of lead 
152. The one or more electrodes 144 can be used to sense electrical activity or provide 
electrical stimulation to the anterior wall including septum 109. The one or more 
electrodes 144 are connected to the sensing amplifier 178 through conductor pair 168 and 
are connected to the output module 180 through conductor pair 172 wherein conductor 
pair 168 and conductor pair 172 allow the electrode 144 to be switched between pace 
mode and sense mode should intrinsic electrical activity at the anterior wall need to be 
measured. 

One or more electrodes 148 may be located near a distal end of the right ventricle 
lead 156 and are electrically connected to the electrode conductor pair 166/170 of lead 
156. One or more accelerometers 150 may also be located near the distal end of the right 
ventricle lead 156 and are electrically connected to the accelerometer conductor pair 158 
of lead 156. The one or more electrodes 148 can be used to sense electrical activity or 
provide electrical stimulation to the free wall of the right ventricle 108. The one or more 
electrodes 148 are connected to the sensing amplifier 178 through conductor pair 166 and 
are connected to the output module 180 through conductor pair 170 wherein conductor 
pair 166 and conductor pair 170 allow the electrode 148 to be switched between pace 
mode and sense mode should intrinsic electrical activity at the right ventricle free wall 
need to be measured. 

Each lead has an inner lumen, and the accelerometers may be positioned within 
the lumen of each lead. A suitable lead for this purpose is the EasyTrak from Guidant 
Corporation. Suitable miniaturized accelerometers having a diameter of approximately 1 
millimeter are available from Ball Semiconductor Inc. (see U.S. Patent No. 6,197,610) 
and others, and these miniaturized accelerometers may be positioned within the inner 
lumen of the EasyTrak lead and positioned adjacent the lead's electrode after the lead has 
been properly positioned on or within the heart 100. Placing the accelerometer within the 
lumen of the lead is especially useful for free wall locations whereby the lead is placed 
within the coronary sinus vein as is ordinarily done for CRT. The accelerometer(s) may 
be positioned in the lumen of the lead within the coronary sinus vein, if desired, thereby 
minimizing the invasiveness of the accelerometer implantation. 
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The accelerometers 142, 146, and 150 move with the corresponding ventricular 
wall location during contraction, as indicated by the arrows in FIG. 3. This motion of the 
accelerometers 142, 146, and 150 produces signals that are transferred to accelerometer 
amplifier 176. The amplifier 176 then directs the signals to the accelerometer data 
processing module 182 of processing module 198. The accelerometer data processing 
module 182 may provide bandpass type filtering to re-shape the waveforms so that phase 
and/or amplitude differences may be more accurately extracted. The accelerometer data 
processing module 182 provides a detected difference in accelerometer signals measured 
at different ventricular wall locations to an accelerometer based optimization module 188. 
The logical operations of the accelerometer data processing module 182 are discussed in 
more detail below with reference to FIG. 4. 

The accelerometer based optimization module 188 then determines whether the 
stimulation parameters to be applied in the next cardiac cycle should be altered to provide 
optimal synchronization. The logical operations of the accelerometer based optimization 
module 188 are discussed in more detail below with reference to FIG. 6. After 
determining whether to alter the stimulation parameters, the accelerometer based 
optimization module 188 passes the result to CRT configuration module 194. CRT 
configuration module 194 produces the desired CRT parameter values to be maintained 
by parameter module 196, such as the relative pulse timing, pulse width, pulse amplitude, 
and pulse location for the ventricles. 

The CRT configuration module 194 may receive CRT parameter instructions 
from a therapy module 192, such as the energy level of pulses to be applied to the heart 
100 to properly control the pulse rate and/or rhythm of the heart 100 for patients with 
additional arrhythmias. The therapy module 192 may compute additional parameter 
settings for treating arrhythmias that are not directly related to the CRT pulses, such as 
pacing parameters for the atrial electrode 138, which are maintained by the parameter 
module 196. Therapy module 192 determines the arrhythmia therapy parameter 
instructions in response to arrhythmia detection module 190 detecting arrhythmia 
conditions of the heart 100. The arrhythmia is detected by analyzing electrogram data 
provided by an electrogram data processing module 186 that receives the intrinsic 
electrical activity signals through sensing electrode amplifier 178 when the electrodes are 
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in sense mode, and may provide bandpass type filtering to the signals to generate more 
accurate electrograms. 

Parameter module 196 controls the output module 180 by instructing the output 
module 180 to fire a stimulation pulse to a particular electrode at a given time, with a 
particular pulse width and amplitude. Output module 180 applies the desired voltage 
pulse across the conductor pair for the corresponding electrode to attempt 
^synchronization of ventricular contraction and/or elimination of the additional 
arrhythmia. The timing of pulses from output module 1 80 may be determined in relation 
to intrinsic atrial and/or ventricular electrical activity or in relation to previously applied 
electrical stimulations, depending upon the particular patient's heart condition and 
corresponding treatment. 

To facilitate the optimization for ^synchronization and/or treatment of additional 
arrhythmias, it is useful to compare a current mechanical response or intrinsic electrical 
activity to previous measurements. Therefore, memory module 184 is included to allow 
the accelerometer data processing module 182 and/or the electrogram data processing 
module 186 to store information for a current cardiac cycle for use in optimization during 
a subsequent cardiac cycle. During the subsequent cardiac cycle, the previous 
mechanical response may be used as a basis for comparison by the accelerometer based 
optimization module 188 regardless of whether the electrodes are in paced or sense mode. 
Similarly, the arrhythmia detection module 190 may use the electrogram data sensed 
from a previous cardiac cycle as a basis for comparison for electrogram data sensed from 
a subsequent cardiac cycle. 

FIG. 4 shows the logical operations of the accelerometer data processing module 
182. The logical operations of FIG. 4 indicate that the accelerometer data processing 
module 182 is functioning while the electrodes are in pace mode. However, one of 
ordinary skill in the art will recognize that the data processing module 182 can process 
signals created by motion of the accelerometers for cardiac cycles where the electrodes 
are in sense mode, such as when the asynchronous natural ventricular contraction is to be 
measured. The particular accelerometers to monitor may be initially programmed into 
the accelerometer data processing module 182 by a physician when the blockage 
condition of the patient is already known. Alternatively, the device 199 may be 



Confidential 



10 



Attorney Docket No. 1 3 569. 1 8US0 1 



configured to determine the condition of the patient by monitoring all accelerometers to 
detect a lack of synchronization of one or more cardiac walls and then applying the 
logical operations of FIGS. 4 and 6 for those cardiac walls to improve and maintain 
synchronization. 

For a particular cardiac cycle, the logical operations begin at receive operation 
202 where signals are received in response to motion of two or more accelerometers 
positioned at different ventricular wall locations. For example, if the patient has a left 
bundle branch block, then receive operation 202 might accept signals from at least the 
left ventricle free wall accelerometer 142 and the anterior wall accelerometer 146 so that 
both walls responsible for left ventricular contraction may be monitored. It may also be 
desirable to monitor the right ventricular free wall with accelerometer 150, such as when 
a right bundle branch block exists or when attempting to synchronize contraction of both 
the left and right ventricular free walls. 

After receiving the accelerometer signals, flow moves to calculate operation 204 
where the accelerometer data processing module 182 compares the at least two 
accelerometer signals to detect a difference and thereby observe asynchronous 
contraction. The processing module 198 may employ one or more methods of detecting a 
difference between the accelerometer signals. For example, the difference that is 
detected may be a phase difference indicating a difference in the timing of the 
contractions at the two ventricular wall locations. The difference may be an amplitude 
difference indicating a difference in the amount of contraction at the two ventricular wall 
locations. Such signal processing operations are well known to those skilled in the art. 

FIG. 5 shows a possible example of two accelerometer signals and the detection 
of differences between them thereby indicating some form of asynchronous contraction. 
The accelerometer signal from a first ventricular wall location indicates that contraction 
begins at ti and that the peak of contraction is at t3. The accelerometer signal from a 
second ventricular wall location indicates that contraction begins at t 2 and that the peak of 
contraction is at t 4 . The interval from ti to t 2 indicates a phase difference in relation to the 
beginning of contraction. Similarly, the interval from t 3 to t 4 indicates a phase difference 
in relation to the peak of contraction. 



Confidential 



11 



Attorney Docket No. 13569.18US01 



Comparing the interval from ti to t 3 to the interval from t 2 to t 4 will indicate a 
difference in the rate of contraction from baseline to peak for each wall location. 
Furthermore, the peak amplitude Ai for the contraction at the first ventricular wall 
location can be compared to the peak amplitude A 2 for the contraction at the second 
ventricular wall location to indicate a difference in contractility of the two wall locations. 
One skilled in the art will recognize that several other characteristics of the two 
accelerometer signals can be compared to detect a form of asynchronous contraction, 
such as detecting a phase or amplitude difference at multiple locations. For example, the 
difference may be computed with reference to one or more locations along an envelope 
(dotted line of FIG. 4) of the accelerometer signals. As discussed, one or more of the 
techniques may be employed alone or in conjunction by the processing module 198 to 
detect asynchronous ventricular contractions. 

Again with reference to FIG. 4, after the accelerometer data processing module 
182 has calculated the difference between the accelerometer signals, such as shown in 
FIG. 5, flow transitions to store operation 206. At store operation 206, the difference 
value(s) detected between the two or more signals may be stored in memory module 184 
to be used as a basis for comparison in subsequent cardiac cycles. For example, the 
difference(s) between the left ventricular free wall and anterior wall may be stored, the 
difference(s) between the left ventricular free wall and the right ventricular free wall may 
be stored, and/or the difference(s) between the right ventricular free wall and the anterior 
wall may be stored. After storing the difference(s) for the current cardiac cycle, 
operational flow transitions to the logical operations shown in FIG. 6 that are performed 
by the accelerometer based optimization module 188. 

The logical operations of FIG. 6 begin at query operation 212 where the 
optimization module 188 compares the absolute value of the difference (i.e., phase, 
amplitude, or other value) between the two accelerometer signals to a tolerance threshold. 
For example, a phase difference of +/- 5 degrees or less in relation to the beginning of 
contraction (e.g., as measured from ti to t 2 of FIG. 5) may be acceptable. If this particular 
characteristic is being used as the determining factor of contractile synchronization, then 
query operation 212 compares the absolute value of the detected phase difference to the 5 
degrees threshold value. If the absolute value of the detected phase difference is less than 
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the 5 degrees threshold, then flow moves to parameter operation 214 whereby the 
optimization module 188 instructs the CRT configuration module 194 to maintain the 
current stimulation parameter values being applied by parameter module 196 to output 
module 180. 

Flow continues to flag operation 216, where an iteration flag N and an open-loop 
flag K are set equal to zero. The iteration flag N is used to track whether the previous 
cardiac cycle was within or outside of the threshold for detecting synchronous 
contraction. In the embodiment shown, knowing whether the previous cardiac cycle was 
within or outside of the threshold is useful in determining whether to compare a 
difference outside of the threshold for a current cardiac cycle to a previously stored 
difference. If the previously stored difference was within the threshold, then it will not 
be used as a basis for comparison when tweaking the stimulation parameters as discussed 
below because the current difference outside of the threshold will be, by definition, 
degraded relative to the previous difference that was within the threshold. Application of 
the iteration flag N is discussed in more detail below. 

The open-loop flag K is used to track whether the previous cardiac cycle resulted 
in the first overcompensation condition whereby the detected difference has reversed 
polarity. In the embodiment shown, an approximation of open-loop control is utilized 
until overcompensation results to reduce the number of cardiac cycles required to 
eliminate the difference between the two accelerometer signals. For example, if a phase 
difference is initially -25 degrees but becomes +15 degrees in the following cardiac cycle 
due to a maximum alteration of a stimulation parameter, then an overcompensation has 
resulted as indicated by the polarity change in the phase difference and K will be 
incremented to reflect this occurrence. Application of the open-loop flag K is discussed 
in more detail below as well. 

After setting the flags to zero, operational flow returns to the logical operations of 
FIG. 4 performed by data processing module 182 for the next cardiac cycle and then back 
to query operation 212. If query operation 212 of FIG. 6 detects that the detected 
difference for a current cardiac cycle is outside of the threshold, then flow transitions to 
query operation 218. Query operation 218 detects whether the flag variable N is equal to 
zero. If so, then this indicates that the previous cardiac cycle produced a difference that 
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was within the threshold, and as discussed above, is not useful as a basis for comparison 
when tweaking the parameter values. Therefore, flow transitions to counter operation 
220 where the iteration flag N is incremented from zero to one. 

Then, at parameter operation 222, the optimization module 188 instructs the CRT 
5 configuration module 194 to alter one or more stimulation parameter values one full unit 
in the direction necessary to reduce the difference. For example, if the phase difference 
is +25 degrees because the left ventricle free wall is contracting too early relative to the 
anterior wall, then the delay between atrial activity and the delivery of the left ventricle 
free wall stimulation should be lengthened to delay the left ventricle free wall contraction 
10 and reduce the phase difference. The one full unit is an arbitrary amount, but one skilled 
in the art will appreciate that the value of one unit may be chosen so as to bring about a 
noticeable change in the signal characteristic being used to detect the difference. 
Additionally, the unit of incrementation may be variable depending upon the degree of 
separation between the measured difference and the threshold. 
15 After incrementing the stimulation parameter, flow returns to the logical 

|3 operations of the data processing module 182 for the next cardiac cycle where the new 

ry 

s stimulation parameter value will be implemented by output module 180. After the new 

py difference is determined and stored, control returns to query operation 212. If the newly 

w detected difference is still beyond the threshold, then flow transitions again to query 

Q 20 operation 218 which will then detect that iteration flag N is greater than zero since it was 
incremented on the last iteration. Control then transitions to compare operation 224. 

Compare operation 224 detects the change resulting from application of the 
altered stimulation parameter. This change is detected by comparing the difference in the 
two accelerometer signals for the current cardiac cycle to the difference in the two 
25 accelerometer signals for the previous cardiac cycle. For example, the previous cardiac 
cycle may have produced a phase difference of -25 degrees and the current cardiac cycle 
produced a phase difference of -10 degrees which indicates a positive change of 15 
degrees. Thus, the alteration to the stimulation parameter was in the proper direction but 
was too small to adequately synchronize the contraction of the ventricular wall locations. 
30 Query operation 226 then uses this comparison to determine whether the last change in 
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the stimulation parameter value created an overcompensation. In this example, no 
overcompensation occurred because the polarity of the phase difference did not change. 

If query operation 226 detects that no overcompensation has occurred, then flow 
transitions to query operation 228 which tests whether the open-loop flag K is equal to 
5 zero. For each iteration when open-loop flag K is equal to zero, open-loop control is 
approximated by query operation 228 directing flow back to parameter operation 222 
where the stimulation parameter is again altered by one full unit. However, once query 
operation 226 detects an overcompensation from compare operation 224 finding a change 
in polarity of the difference, flow is directed to counter operation 230 where the open- 
10 loop flag K is incremented. Then, parameter operation 232 alters the stimulation 

parameter value for application in the next cardiac cycle. If query operation 226 detects 
that no overcompensation has occurred, but query operation 228 detects that open-loop 
flag K does not equal zero, then flow will proceed to parameter operation 232. 

Parameter operation 232 adds or subtracts based upon the direction of change 
g 15 needed to bring the difference to its ideal value, generally zero. For example, if the phase 
J* difference was -30 degrees but due to overcompensation is now +25 degrees thereby 

s indicating that the left ventricle free wall has contracted too early, then parameter 

fy operation 232 may add one-half of the last change (A) to the delay for the pulse. If the 

y previous A resulting in overcompensation was a subtraction of Y milliseconds which 

Q 20 resulted in a delay of X milliseconds, then parameter operation 232 will add Y/2 

milliseconds back to the delay of X milliseconds to delay application of the left ventricle 
free wall pulse. 

Parameter operation 232 functions in the same manner when overcompensation 
has not resulted from the previous A but when open-loop flag K does not equal zero due 

25 to overcompensation having occurred in some previous cardiac cycle. For example, if 
the phase difference was 4-30 degrees after overcompensation and is now +25 degrees 
due to a A being an addition of Z milliseconds, then parameter operation 232 may add 
one half of the previous A, or Z/2, to the current parameter value. Through parameter 
operation 232 adding or subtracting the previous A divided by two, depending upon the 

30 direction needed to approach a difference of zero, the difference between the two 

accelerometer signals is reduced to zero (or within the threshold amount if other than 



Confidential 



Attorney Docket No. 13569.18US01 



zero) in a closed- loop fashion. Thus, this manner of altering the stimulation parameter 
value operates without regard to whether the mechanical response of the heart 100 is 
linear with respect to a change of the stimulation parameter value. 

One of ordinary skill in the art will recognize that other manners of reducing the 
detected difference to zero are possible. For one alternative, rather than altering the 
parameter value in an open-loop fashion until reaching overcompensation and then 
applying the A/2 adjustment routine, the change resulting from a parameter value 
alteration can be compared to the difference from the ideal. For example, if the phase 
difference is initially +25 degrees and one full unit of change produces a phase difference 
of +10 degrees (i.e., a change of -15 degrees), wherein zero is ideal, then altering the 
parameter value by (10-0)/(25-10), or two-thirds of a unit, will likely bring the difference 
closer to the ideal within one iteration than will simply altering the parameter by 1/2 A 
(i.e., 1/2 unit in this example). This example, however, assumes a relatively linear 
relationship between mechanical response and parameter value alteration. 

Another alternative approach is to establish a numerical relationship between the 
accelerometer output signal (i.e., phase difference) and the stimulation signal (i.e., 
parameter change). The relationship may or may not be linear between a parameter 
change and a change in phase difference. By repetitively applying a change and 
measuring the phase difference, a record may be constructed from which the numerical 
relationship may be found. The numerical relationship may then be applied in a closed- 
loop, negative feedback control system to optimize and maintain the synchronization of 
the wall contractions. 

The logical operations of FIGS. 4 and 6 may be applied in parallel for two pairs of 
signals having one signal in common. For example, if the right ventricle free wall, 
anterior wall, and left ventricle free wall must be brought into synchronization, one 
branch of operations may be acting upon the right ventricle free wall signal in relation to 
the reference anterior wall signal while the other branch of operations are acting upon the 
left ventricle free wall signal in relation to the same reference anterior wall signal. One 
skilled in the art will recognize that several permutations of this parallel processing 
scheme are possible for providing synchronization to multiple ventricular wall locations. 
Furthermore, the logical operations of FIGS. 4 and 6 may operate on left ventricle free 
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wall motion versus right ventricle free wall motion, anterior wall versus free wall motion, 
or motion of one location on a ventricular wall versus motion of another location on the 
same ventricular wall (i.e., synchronizing two locations on the left ventricle free wall). 

It should to be understood that the logical operations for detecting the difference 
between the accelerometer signals and for determining the appropriate stimulation 
parameter value may be performed by a device other than the implantable or external 
CRT device, such as by an external device programmer communicating via telemetry. 
Furthermore, the logical operations may be implemented (1) as a sequence of computer 
implemented steps running on a computer system, and/or (2) as interconnected machine 
modules such as processing module 198 running within the computing system. 

This implementation is a matter of choice dependent on the performance 
requirements of the CRT device 199 or device programmer implementing the invention. 
Accordingly, the logical operations making up the embodiments of the invention 
described herein are referred to as operations, steps, or modules. It will be recognized by 
one of ordinary skill in the art that the operations, steps, and modules may be 
implemented in software, in firmware, in special purpose digital logic, analog circuits, 
and any combination thereof without deviating from the spirit and scope of the present 
invention as recited within the claims attached hereto. 

While the invention has been particularly shown and described with reference to 
preferred embodiments thereof, it will be understood by those skilled in the art that 
various other changes in the form and details may be made therein without departing 
from the spirit and scope of the invention. 
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